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Abstract  

Introduction. The article investigated one of the problems of creating exoskeletons — controlling the properties of 

magnetic rheological fluid in links of variable length with adjustable stiffness. Based on the research of domestic and 

foreign authors, the development and urgency of the topic was evaluated. The disadvantage of known exoskeleton 

models has been specified, i.e., the use of absolutely solid links, whose dynamics does not convey the dynamics of the 

human musculoskeletal system. The scientific research aimed at the formation of a new direction in the development of 

exoskeletons that accurately simulate the biomechanics of movements. 

Materials and Methods. Different states of structures of variable-length links with a magnetorheological fluid were 

studied. It has been noted that the links work on the principle of magnetic shock absorbers and consist of a piston rod, 

electromagnetic coils, and a housing filled with magnetorheological fluid. The ordering effect of an external magnetic 

field on the particles of a magnetorheological fluid was visualized and mathematically presented. The significance of 

such factors as time, charge density, magnetic field strength, as well as vectors of electric and magnetic induction, 

electric intensity and electric current density for this system was shown. The input parameter affecting the behavior of 

the magnetorheological fluid was determined. This was the magnetic field intensity. It was shown that the viscosity of 

the liquid varied depending on the shape of the magnetic particles (oblong or oblate ellipsoid). 

Results. The dependences that were fundamental for solving the task were investigated and visualized. The magnetic 

field strength and the angle between the vector directed along a straight line connecting the centers of two micron 

particles, and the vector of the external magnetic field strength were taken as the basic parameters. It was shown how 

the magnetic moment, voltage and its antisymmetric part depended on them. It was established that to control the 

properties of a magnetorheological fluid, it was required to change: 

– the external magnetic field intensity; 

– the angle between the external magnetic field intensity and the orientation vector between the dipoles. 

Two values of force were compared: one – for a given link design, and the other — fixed when walking in the lower leg 

of a person. The consistency of these indicators was established. 

Discussion and Conclusion. The scientific research results allowed us to present: 

– a method for controlling the properties of a magnetorheological fluid by an external magnetic field; 

– a variable-length link model with adjustable stiffness. 

MECHANICS 
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The results obtained can be used in modeling multilink structures to create comfortable exoskeletons that interact 

synchronously with the human musculoskeletal system as a single human-machine system. The development is 

applicable to solving significant social and economic problems. 

Keywords: exoskeleton, magnetorheological fluid, variable-length link, adjustable stiffness, magnetic induction, 

magnetic field strength, magnetorheological fluid intensity, magnetic moment. 
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Introduction. Previously performed modeling allowed us to identify changes in the lengths of the links of the 

human musculoskeletal system, their sizes, movement speeds, as well as to determine the forces in the kinematic 

chain [1]. This made it possible to formulate requirements for the properties and modes of functioning of the 

exoskeleton link that repeats the basic biomechanical properties of the corresponding user link. The study aims at 

developing a model of a variable-length link with adjustable stiffness to create comfortable exoskeletons of a new 

generation that adequately reproduce the actions of the human musculoskeletal system. Exoskeletons are used in 

medical and rehabilitation centers to verticalize the position of the patient's body, in cosmonautics when creating 

spacesuits and rehabilitation suits. 

Magnetic fields acting on a magnetorheological medium can be used to control models of links with adjustable 

stiffness. Exoskeletons with adjustable stiffness of variable length links will provide stable, safe, comfortable human 

locomotion. The implementation of drives for controlled configuration changes in such models is of practical value, 

which determines the urgency of the study. 

From 2010 to 2020, the number of publications with the keyword “exoskeleton” in the database “Russian Science 

Citation Index” increased ten times (there were less than 50 and became more than 500). Since 2015, the number of 

patents for exoskeletons and their components has been growing, specialized software is being registered more often. 

Currently, there is no data on the links of variable-length exoskeletons with adjustable stiffness. Solutions with soft 

electric pumps and a pneumatic ring generator are mentioned, but they do not use magnetorheological fluids1. There is a 

description of an actuator with a magnetorheological fluid, whose viscosity changes under the influence of a magnetic 

field [2–4]2. It is proposed to use magnetorheological materials to create exoskeleton drives3. In [4–6], the use of 

magnetorheological fluid in the creation of an exoskeleton knee joint drive was studied. The torque in this joint has a 

damping effect when walking [7]. Magnetorheological drives were considered in [8–9]. An exoskeleton, whose links 

can be adjusted in length and stiffness, has not yet been developed. 

Materials and Methods. It is assumed that the exoskeleton link will work on the principle of magnetic shock 

absorbers [10]. The link consists of a rod with piston АЕ, housing СВ, filled with a magnetorheological fluid, and 

electromagnetic coils (Fig. 1).  

                                                 
1 Soft Robots Were Equipped with Electrophoretic Logic Circuits. planet-today.ru. URL: https://planet-today.ru/novosti/nauka/item/110728-

myagkikh-robotov-osnastili-elektroflyuidnymi-logicheskimi-skhemami (accessed: 10.09.2022). 
2 Psomopoulou E, et al. A Simple Controller for a Variable Stiffness Joint with Uncertain Dynamics and Prescribed Performance Guarantees. Proc. 
IEEE/RSJ International Conference on Intelligent Robots and Systems. 2012. Р. 5071–5076. 10.1109/IROS.2012.6385859 
3 Jinzhou Chen, Wei-Hsin Liao. Design and Control of a Magnetorheological Actuator for Leg Exoskeleton. In: Proc. IEEE International Conference 

on Robotics and Biomimetics (ROBIO). 2007. P. 1388–1393. 10.1109/ROBIO.2007.4522367  
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       а)                 b) 

Fig. 1. Construction of a variable-length link with a magnetorheological fluid:  

a — link in a compressed state in the phase of support on it; b — link in a stretched state in the transfer phase (the authors' figure) 

 

At points A and D, there are hinges that provide connection and relative rotation of the links in the exoskeleton. The 

magnetic field is created by an electromagnetic coil and acts on the magnetorheological fluid inside the link. The 

magnetic particles of the liquid are ordered under the electromagnetic-field effect, and the rheological properties 

change. 

The properties of the magnetorheological fluid are due to polarization; therefore, magnetic particles line up along 

the lines of force (Fig. 2). 

 
                  а)           b) 

Fig. 2. Magnetorheological fluid particles in the cylindrical part of the link: 

 a — magnetic particles are randomly arranged without the application of an external magnetic field; b — aligned chains of oriented 

magnetic particles along the lines of force under the action of an external magnetic field (the authors' figure) 

Under the influence of an external electromagnetic field, polarization and magnetization occur in a 

magnetorheological fluid. For such fluid, Maxwell's equations have the form: 

 

𝑟𝑜𝑡𝐸⃗ =
∂𝐵⃗ 

𝜕𝑡
, 𝑑𝑖𝑣𝐵⃗ = 0, 

𝑟𝑜𝑡𝐻⃗⃗ = 𝑗 +
𝜕𝐷

𝜕𝑡
, 𝑑𝑖𝑣𝐷⃗⃗ = ρ𝑒 . 

(1) 
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Here, 𝐷⃗⃗  — electric induction vector; 𝐵⃗  — magnetic induction vector; t — time; 𝐸⃗  — electric intensity vector;  

𝐻⃗⃗  — magnetic field strength; ρ𝑒 — charge density; 𝑗  — electric current density vector. 

The electric current density vector is related to the electric field strength: 

𝑗 = γ × 𝐸⃗ , (2) 

where γ — specific conductivity of the substance. 

A magnetic particle in a magnetorheological fluid is a dipole, i.e., a system of two opposite charges equal in 

modulus ,Q  located at distance l  from each other. The moment of a pair of forces acting from the side of the field on 

an elementary dipole is equal to 

𝑀⃗⃗ 𝑑 = 𝑑 × 𝐻⃗⃗ , (3) 

where 𝑑  — elementary dipole moment. 

𝑑 = |𝑄|𝑙 , (4) 

where 𝑙  — dipole arm — vector drawn along the axis of the dipole from a negative charge to a positive one and equal to 

the distance between the charges 𝑙.  

Magnetic induction vector 𝐵⃗  is related to magnetization vector 𝑀⃗⃗ , which characterizes, from a macroscopic point of 

view, the ordered distribution in the body of magnetic dipoles:   

𝐵⃗ = μ0(𝐻⃗⃗ + 𝑀⃗⃗ ).  (5) 

At low values of magnetization, it is directly proportional to the magnetic field strength: 

𝑀⃗⃗ = χ𝐻⃗⃗ . (6) 

After the transformations: 

𝐵⃗ = μμ0𝐻⃗⃗ , (7) 

where χ = μ − 1 — magnetic susceptibility of matter; μ0 = 1.26 ∙ 10−6𝐻/𝑚 [11] — absolute magnetic permeability in 

vacuum; μ — relative magnetic permeability.  

In [11–13], for the magnetic susceptibility of matter χ, the results of experimental studies of a kerosene-based 

magnetorheological fluid with different concentrations of magnetite particles in the range χ ∈ [1.04; 9.20] at a relative 

concentration φ ∈ [0.211; 1] are given.  

Thus, the input parameter that determines the behavior of a magnetorheological fluid is the magnetic field strengt 𝐻⃗⃗ , 

which is generated by a coil wound on a variable-length link element. The field strength is a piecewise given step 

function. Magnetorheological fluids are magnetized in relatively small magnetic fields 𝐻 ∈ [100; 100,000] 𝐴/𝑚.  

Let the magnetorheological fluid under the movement of the rod inside the link body (Fig. 2) realize a simple shear 

flow with velocity gradient γ̇, and the intensity of the external magnetic field H  be directed at an angle  to the 

gradient of the flow velocity. Suppose that magnetic particles have the shape of ellipsoids with the ratio of two semi-

axes  
𝑎

𝑏
= 2 and 𝑏 = 𝑐.  

The intensity of the magnetorheological fluid can be estimated based on the results obtained in works [12–14]: 

σ = σ𝑠 + σ𝑎 , 

σ𝑎 =
φ𝐿Г𝑚

2𝑛𝑐ν𝐿

, 

σ𝑠 = 𝑛𝑓γ̇ {1 + φ𝐿 + [α𝑛 +
1

2
(ζ𝑛 + β𝑛λ𝑛) + 

+
1

2
β𝑛 cos(2θ𝑛) + (χ𝑛 − 2β𝑛λ𝑛)𝑠𝑖𝑛

2(θ𝑛)cos
2(θ𝑛)]}.  

(8) 
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Here, σ𝑠 — symmetric stress component; σ𝑎 — antisymmetric stress component; φ𝐿 — volume fraction of micron 

particles equal to φ𝐿 = 0.0127; n — number of particles in the chain; 𝑛𝑐 — maximum number of particles in the chain; 

α𝑛, …, λ𝑛 — kinetic coefficients given in works [12, 13]; Г𝑚 — magnetic moment tending to build a chain of particles 

along the field; ν𝐿— volume of a micron particle; γ̇ — shear rate; 𝑛𝑓 — viscosity of magnetorheological fluid;  

θ — angle between the vector directed along a straight line connecting the centers of two micron particles and the 

vector of the external magnetic field strength.  

As can be seen from formula (6), the stress tensor of a magnetorheological fluid in a magnetic field is asymmetric. 

The symmetrical part of the stress depends on the viscosity of the magnetorheological fluid. The direction and 

magnitude of the applied external magnetic field affect significantly the viscosity of the magnetorheological fluid. The 

viscosity coefficient may be less or greater than the initial value, depending on the direction of the applied field and the 

shape of the particles. This coefficient in the magnetic field varies for two reasons. The first reason is related to the 

retardation of particle rotation in the field, which causes an increase in the coefficient value. The second reason is the 

orienting influence of an external magnetic field on suspended particles. Depending on the direction of the field, the 

viscosity coefficient may decrease or increase. As an example, consider an external magnetic field that is applied along 

the direction of fluid flow. If its magnetic particles have the shape of oblong ellipsoids, then the viscosity decreases. If 

these are oblate ellipsoids, the viscosity increases. 

Magnetic moment Г𝑚, which tends to build a chain of particles along the field, is calculated by the formula [12, 13]:   

Г𝑚 = 2,25μ0𝐻
2ν𝐿(𝑛 − 1)(χ𝑓 + 1) sin θ cos θ.  (9) 

Here, ν𝐿 — micron particle volume; ν𝐿 = π𝑑𝐿
3/6; 𝑑𝐿 — micron particle diameter; 𝑑𝐿 = 1 ∙ 10−6 m; θ — angle 

between the vector connecting the centers of two micron particles and the vector of the external magnetic field; χ𝑓 — 

magnetic susceptibility of the carrier ferrofluid (assume that it is constant and always equal to the initial value χ𝑓 = 3.05). 

Research Results. We build a graph of the magnetic moment Г𝑚 from the magnetic field strength 𝐻 and angle θ.  

 

  
 

Fig. 3. Dependence of magnetic moment Г𝑚 on magnetic field strength 𝐻 and angle θ (the authors' figure) 

According to Figure 3, it is possible to judge the behavior of magnetic moment Г𝑚 at different values of the 

magnetic field strength and the angles between the field and the dipoles, to estimate the antisymmetric part of 

voltage σ𝑎. Using formulas (8) and (9), we obtain: 

σ𝑎 =
φ𝐿2,25μ0𝐻

2ν𝐿(𝑛 − 1)(χ𝑓 + 1) sin θ cos θ

2𝑛𝑐

. (10) 
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Taking into account works [12–14], as a result of solving the equation at 𝐻 = 105 A/m, we obtain 𝑛𝑐 ≈ 60. The 

viscosity of the magnetorheological fluid is assumed to be equal to  𝑛𝑓 = 1.36 Pa ∙ s [11].  

The results of calculations of the antisymmetric part of the voltage are graphically presented in Figure 4. 

 

 

 

Fig. 4. Dependence of the antisymmetric part of stress σ𝑎 on magnetic field strength 𝐻 and angle θ (the authors' figure) 

The graph shows that with an increase in the strength of the applied external magnetic field, the strength of the 

magnetorheological fluid monotonically grows taking into account angle θ. Dependence σ𝑎 on angle θ shows that the 

intensity of the magnetorheological fluid reaches: 

– maximum values at angles that are multiples of 
4


; 

– zero values at angles that are multiples of 
2


. 

Consider the symmetric part of stress σ𝑠. In (8), there are kinetic coefficients for it. Let us calculate them using the 

expressions from [12, 13], where they are shown in an analytical form. The number of particles in the chain is assumed 

to be equal to 𝑛 = 30 as the arithmetic mean, based on the estimate of the maximum number of particles. Let us 

determine qualitatively, in the first approximation, shear rate γ̇ between the outer layer of fluid near the wall of the link 

housing and the inner layer near the rod. At that, we will proceed from the requirements for the design of the 

exoskeleton link for the human lower leg model. In this case, we are talking about the maximum value of the rate of 

change in the length of a person's lower leg, with which the exoskeleton link should work synchronously. According 

to [15], the rate of change in the length of the lower leg is equal to 𝑙 ̇ =  0.6 m/s. The distance between the body and the 

rod of the link is assumed to be equal to d = 0.01 m. Then, the shear rate is γ̇ = 60 𝑠−1. This does not contradict the 

results of other authors: γ̇ ∈ [0; 100] 𝑠−1. In the future, such an assessment will require clarification based on 

experiments, since no solutions or experimental results suitable for modeling exoskeletons or anthropomorphic robots 

have been found in the literature.  

The results of calculations of the symmetric part of the stress are presented graphically in Figure 5.  
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Fig. 5. Dependence of the symmetrical part of stress σ𝑠 on angle θ (the authors' figure) 

The intensity of the magnetorheological fluid as the sum of the symmetric and antisymmetric parts is shown in 

Figure 6. Its cross-section at a fixed value of the magnetic field strength is shown in Figure 7. 

 

Fig. 6. Dependence of stress σ on magnetic field strength 𝐻 and angle θ (the authors' figure) 

 

 

Fig 7. Dependence of stress σ on angle θ at fixed magnetic field strength value 𝐻 = 105 A/m (the authors' figure) 
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Maximum value σ𝑚𝑎𝑥 = 408.6 Pa is reached at θ = 0.37 rad. Thus, to control the properties of a 

magnetorheological fluid, it is required to change the angle between the intensity of the external magnetic field and the 

orientation vector between the dipoles. It is also necessary to change the intensity of the external magnetic field. 

The inner diameter of the housing in which the rod is located is assumed to be equal to 𝐷 =  0.2 m. As the first 

approximation, assume that the calculated stresses are normal. Now, it is possible to determine the force with which the 

magnetorheological fluid acts in a variable-length link with adjustable stiffness: 

𝐹𝑚𝑟𝑓 = σ𝐴 =
σπ𝐷2

4
. (11) 

Figure 9 shows a graph constructed at a fixed value of the magnetic field strength 𝐻 for two control parameters: 𝐻 

and angle θ (Fig. 8).  

  

Fig. 8. Dependence of force 𝐹𝑚𝑟𝑓 on the magnetic field strength 𝐻 and angle θ (the authors' figure) 

 

 

Fig. 9. Dependence of force 𝐹𝑚𝑟𝑓 on angle θ at fixed value of the magnetic field strength 𝐻 = 105 A/m (the authors' figure) 
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= 12.8  Н is reached at θ = 0.37 rad. This corresponds to the values at which, according 

to [14], the exoskeleton link functions. To further increase the force from the side of the magnetorheological fluid, it is 

required to increase the intensity of the external magnetic field. 
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Thus, in order for the particles to orient themselves along the field lines in the required way, you need to apply a 

magnetic field of the appropriate intensity and orientation. 

Discussion and Conclusions. The research work results allow us to propose a method of controlling the effect of an 

external magnetic field on the properties of a magnetorheological fluid. For the first time, a model of a variable-length 

exoskeleton link with adjustable stiffness, which functions due to a magnetorheological medium, is proposed. The 

concept can be used to create: 

 – comfortable exoskeletons with links of variable length, hinges and connections; 

– spacesuits and similar special equipment; 

– transport systems in the form of anthropomorphic robots that provide convenient movement in rough terrain. 

A widespread use of anthropomorphic robotic systems of a new generation (mechatronic modules synchronized with 

the movements of the human musculoskeletal system) will solve important social and economic problems:  

– improve the quality of life of people with motor disabilities; 

– contribute to the development of high technologies in various branches of the domestic industry. 
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